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Abstract: In recent years, many studies have been conducted to investigate the influence
of terahertz (THz) radiation on the gene expression in various cell types, but the underling
molecular mechanism has not yet been fully revealed. In this study, we explored the effects of
0.1 THz radiation on the gene expression in primary neuron cells through RNA-seq analysis.
111 up-regulated and 54 down-regulated genes were identified. Several biomolecule binding
related categories such as “long-chain fatty acid binding”, “tropomyosin binding”, “BMP receptor
binding”, as well as “GTPase binding” and “phospholipid binding” were enriched by GO analysis.
Moreover, the GSEA analysis indicated that genes encoding protein biosynthetic machinery
ribosome were up-regulated by 0.1 THz irradiation. In addition, we demonstrated that the binding
efficiency of a transcription factor (TF) AP-1 with its transcription factor binding site (TFBS) in
DNA was reduced by THz irradiation, which suggested that THz irradiation might affect the
interaction between TFs with DNA and consequently regulate the gene expression. Our results
provide new insights into the biological effects of terahertz irradiation.

© 2021 Optical Society of America under the terms of the OSA Open Access Publishing Agreement

1. Introduction

The electromagnetic radiation of the Terahertz (THz) band that corresponds to the wavelength
interval of 30 µm – 3 mm, has attracted considerable interest in both fundamental and applied
research field in the last decades. Taking the advantage of its relative high penetrating capacity
and low photon energy, THz has been increasingly introduced into biomedical applications in
various fields such as medicine, security and tumor imaging [1–5]. In the meantime, although
THz radiation does not cause damage to biomacromolecules by breaking covalent bonds as the
way ultraviolet light or ionizing radiation does [4], it does elicit various cellular responses such
as changing the gene expression patterns, altering the structure and integrity of the genome and
affecting the assembling process of cytoskeleton [6–8]. Boian et al. reported that THz radiation
affected the expression of certain genes in mouse stem cells with unaffected heat shock proteins
expression [6]. The similar phenomenon was also found in human embryonic stem cells, artificial
human skin and human keratinocytes while exposed to THz irradiation [9–11]. As for the
underlying mechanism, the DeoxyriboNucleic Acid (DNA) breathing model was first applied to
explain and predict the effect of THz radiation on gene expression. THz radiation may create new
open states in the DNA helix through nonlinear resonance and therefore influence gene expression
[12–14]. The computational simulation results suggested the existence of large transient bubbles
at the transcription start sites in the core promoter regions of the peroxisome proliferators-activated
receptors γ (PPARγ) and solute carrier organic anion transporter family member 4a1 (Slco4a1)
genes under the given THz irradiation exposure condition, which facilitated the transcription
initiation [12,13]. In addition to the DNA double strain dynamic, gene expression is also regulated
by many other factors such as the transcription factors (TFs) and their interaction with their
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specific transcription factor binding sites (TFBSs) [15,16]. It was reported that the frequency
of THz waves matches the conformational oscillation of biomolecules, which may excite the
energy levels of vibration and rotation of biological macromolecules, resulting in changes of
molecular conformation and affecting the interactions among biological macromolecules [4]. It’s
reasonable to speculate that the activity of various TFs or their recognition and binding to specific
TFBSs might be influenced by THz radiation [17]. Recently, Tachizaki et al. reported that the
gene networks in human induced pluripotent stem cells could be altered by THz irradiation
[17]. They found that many of those altered genes were regulated by zinc-dependent TFs and
therefore hypothesized that THz irradiation might impact the gene transcription by affecting
those zinc-dependent TFs [17]. However, there is still no direct evidence to illustrate whether
the binding of TFs on their corresponding TFBSs could be affected by THz radiation, which is
obviously one of the most important mechanisms affecting gene expression.

In this study, we investigated the effect of 0.1 THz (33 mW/cm2 power density) radiation on the
gene expression in primary hippocampal neurons. RNA-sequencing (RNA-seq) was performed
to identify the expression of genes in response to THz irradiation. These differentially expressed
genes (DEGs) between the irradiation group and the control group were used to find the related
pathway involved in the THz irradiation response. Considering the gene expression was regulated
by TFs, the electrophoretic mobility shift assay (EMSA) was further used to analyse the binding
between nuclear proteins with the DNA probe for the TF activator protein-1 (AP-1). The results
showed that THz radiation did alter the binding activity of AP-1 with its DNA probe. Our
findings provided a potential mechanism to explain the THz induced changing of gene expression
and highlighted several biological functions that might be affected by THz irradiation.

2. Materials and methods

2.1. Isolation and culture of hippocampal neurons

Neonates of Sprague-Dawley (SD) rats (at postnatal day 1) were purchased from Experimental
Animal Center of Xi’an Jiaotong University Health Science Center and sacrificed for its brain. The
primary neurons were isolated from the hippocampi of neonatal SD rats as described previously
[18]. The hippocampi were dissected and immersed into D-Hank’s solution. Subsequently, the
tissue was cut into pieces, digested with 0.25% trypsin at 37 °C for 15 min and then terminated by
fetal bovine serum (FBS, PAA, USA). The digested cells were centrifuged at 1000 rpm for 5 min.
Then the supernatant was discarded and the pellet was re-suspended in Dulbecco’s Modified
Eagle’s Medium (DMEM)/F12 medium supplemented with 10% FBS (HyClone, USA). Cells
were then plated on the poly-L-lysine (Sigma-Aldrich, USA) pre-coated cell culture dishes. The
cells were incubated for 4-6 h in complete DMEM/F12 media and then replaced with Neurobasal
medium supplemented with 2% B27 and 1% Gln. The purity of neurons was identified by
MAP2-immunfluorescence.

2.2. THz sources and irradiation

The THz source (0.1 THz, Terasense Group Inc.) was placed under the thermostatic cell incubator
and the schematic representation of the exposure set-up was shown in Fig. 1. The cells planted
in the culture plate and put inside the incubator were exposed to the THz irradiation from the
bottom of the culture dish and the culture medium was 500 µL. The temperature changes of cell
culture medium between irradiated group and control group were measured by hand-held infrared
thermometer (TN40ALC, ZyTemp). For the irradiation experiment, 6-day cultured primary
hippocampal neurons were exposed to 0.1 THz (average power density 33 mW/cm2) irradiation
once for 20 min, and then cultured for another 2 h in CO2 incubator for the next experiment.
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Fig. 1. Schematic diagram of the irradiation device. The exposure of primary hippocampus
neuron to terahertz radiation was carried out using a terahertz source (Terasense Group
Inc.). The frequency was 0.1 THz, the spot diameter was 1.1 cm and the average power
was 33 mW/cm2. The cells were cultured in the 37 °C constant temperature incubator,
and irradiated by terahertz radiation from the bottom of the culture dish. The cell culture
medium was 500 µL.

2.3. RNA-seq and data analysis

Total RNA was individually extracted from the 3 irradiated cell samples and their respective
controls using Trizol reagent (Takara, Japan) according to the manufacturer’s instructions,
quantified and qualified using an Agilent 2100 Bioanalyzer (Agilent Technologies, USA).1 µg
total RNA with OD260/280 within 1.8∼2.2 and RIN value > 7 was used to purified by oligo-dT
magnetic beads and then the DNA libraries were constructed and loaded on an Illumina HiSeq
instrument (Illumina, USA) according to the manufacturer’s instructions. Sequencing was carried
out using a 2× 125 paired-end configuration to get FastQ data and FastQC was conducted to
evaluate the quality of sequencing data. Raw data of adaptors and low quality of the sequences
were wiped by TrimGalore. Clean data were aligned with Rnor6 as the reference genome using
HISAT2 software [19]. Then the number of fragments per kilobase of transcript per million
fragments mapped reads (FPKM) was calculated by Stringtie. DEGs, that is, those with p values
< 0.05 and |log2(fold change) | >1, were identified using DESeq2 software [20]. Subsequently,
Gene Ontology (GO) analysis was performed and Kyoto Encyclopedia of Genes and Genomes
(KEGG) was examined to describe the function of DEGs by using R package clusterProfiler.
Gene Set Enrichment Analysis (GSEA) with the C5 (Ontology gene sets) was used to analyze the
GO gene sets [21].

2.4. qRT-PCR

The remaining RNA after sequencing was used for quantification of genes which were changed
in the RNAseq data. These RNA were reverse transcribed into cDNA by Transcriptor First
STRAND cDNA synthesis kit (Vazyme). Real-time PCR was performed using AceQ qPCR
SYBR Master Mix (Vazyme). The sequence of primers used in this experiment are listed in
Table 1. GAPDH was served as the internal control. The 2−

aa
Ct method was used to analyze

the relative gene expression.



Research Article Vol. 12, No. 6 / 1 June 2021 / Biomedical Optics Express 3732

Table 1. Sequences of primers for Real-time PCR

Target Forward primer Reverse primer

AQP5 5′- taacctggccgtcaatgc-3′ 5′- gggctagctggaaagtcaag -3′

MMP3 5′- ttgtccttcgatgcagtcag-3′ 5′- ggggtcctgagagattttcg -3′

ITPR1 5′- tgacgaaaggcgaagagaat- 3′ 5′- agatctcatcacgttgctgct -3′

ERF 5′- ctgatctccagcacgctaca -3′ 5′- acggctctcaggaatctcg-3′

APOF 5′- ttacttctcaatggctggactatatg -3′ 5′- gaattgatgtcgaattgagtctga-3′

ATP2b4 5′- tccacctcttctgccgttac-3′ 5′- aatgacgtctcggaaactatgaa-3′

GAPDH 5′-aagtatgatgacatcaaaaggtggt-3′ 5′-agcccaggatgccctttagt -3′

2.5. Electrophoretic mobility shift assay (EMSA)

The electrophoretic mobility shift assay (EMSA) is a rapid and sensitive method to detect
protein-nucleic acid interactions [22]. Nuclear extracts of HT22 cells were prepared according
to the protocol of Nuclear and Cytoplasmic Protein Extraction Kit (Beyotime Biotechnology,
China). The sequence of biotin-labeled AP-1 consensus oligonucleotide is as follows: 5′- CGC
TTG ATG ACT CAG CCG GAA -3′. For the irradiation experiment, 5 µg nuclear extracts and 1
µL biotin-labeled AP-1 probe with EMSA/Gel-Shift binding buffer (total volume of 15 µL) were
exposed to 0.1 THz source for 20 min, and the following step was performed according to the
protocol of EMSA/Gel-Shift kit (Beyotime Biotechnology, China) requires. The analysis of shift
band was processed using the Quantity One software.

2.6. Data analysis

The statistical significance of differences was analyzed using Prism 5 (GraphPad Software, USA)
with Student’s t test. The data are shown as mean± S.E.M. The value of p< 0.05 was considered
to be statistically significant.

3. Results

3.1. Temperature variation during THz irradiation

During the experiment the bottom of the culture dish is right above the THz source, and the
temperature of the medium in the sham group (only placed at the through hole without irradiation
for 20 minutes) and 0.1 THz irradiation group (average power density 33.0 mW/cm2 for 20
minutes) was measured by hand-held thermometer. The detected temperatures of each group are
shown in Fig. 2, and the results showed that there was no significant difference in the temperature
between the culture medium of the sham group (n=8) and the radiation group (n=9). These
results showed that there was no obvious temperature variation due to irradiation (Fig. 2).

3.2. Gene Expression Analysis

According to the p values < 0.05 and |log2(fold change) | >1 for cut-off to select the DEGs,
totally 165 genes were considered being differentially expressed between THz-irradiated and non-
irradiated groups, among which 111 genes were upregulated and 54 genes were downregulated by
THz irradiation (Table 2). 48157 transcripts were obtained from the RNA-seq and the differential
expressed transcripts (DETs) analysis showed about 5% of the gene expression were changed by
THz irradiation. Among them, 1199 were up-regulated and 1170 were down-regulated by THz
irradiation (Table 2).

According to the significance and fold change value of DEGs/DETs from RNA-seq data, six
genes were selected and verified by the qRT-PCR method. Among them, the expression of
Aqp5 which encodes for the aquaporin 5 (AQP5), and Mmp3 which encodes for the matrix
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Fig. 2. Temperature variation of the sham group and the irradiated group. The temperature
of culture medium of the sham group (n= 8) and the irradiated group (n= 9) were measured
by a hand-held infrared thermometer after sham exposure and 20 minutes THz irradiation,
respectively.

Table 2. DEGs and DETs

All DEGs Up DEGs Down DEGs All DETs Up DETs Down DETs

165 111 54 2369 1199 1170

metallopeptidase 3, were increased more than 1.5 times. The remaining four genes Erf (encodes
for a transcriptional repressor that binds to the Ets2 promoter), Apof (encodes for a kind of
apolipoprotein), Atp2b4 (encodes the plasma membrane calcium ATPase isoform 4) and Itpr1
(encodes an intracellular receptor for inositol 1,4,5-trisphosphate, IP3R) were suppressed by THz
irradiation. The variation trends of these verified genes were all consistent with the sequencing
results, which confirmed the reliability of RNA-seq data (Fig. 3).

Fig. 3. Verification of Selected DEGs in Response to THz irradiation. The primary neurons
were radiated with or without 0.1 THz for 20 min followed another culture for 2 h. The
Aqp5, Mmp3, Itpr1, Erf, Apof and Atp2b4 mRNA levels were detected by qRT-PCR in
primary neurons. Data are shown as mean±SEM, ∗p < 0.05, ∗∗p < 0.01.

Moreover, to further confirm the altered gene expression pattern wasn’t due to the thermal
effects of THz irradiation, the expression levels of several heat shock proteins (HSPs) genes
were specifically compared according to the original RNA-seq data. The result indicated that
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no heat-shock related genes in the HSP90 family, HSP 70 family, HSP40 and small HSP family
was significantly up-regulated by THz irradiation (Fig. 4). It suggested that the cells which
were exposed to 0.1 THz irradiation for 20 min didn’t undergo thermal stress. It was also
consistent with the aforementioned temperature detection results. Therefore, it’s more reasonable
to consider that the DEGs revealed by RNA-seq were resulted from the non-thermal effects of 0.1
THz radiation.

Fig. 4. No heat-shock response genes were up-regulated after THz irradiation. The FPKMs
were used to calculate the expression of HSP90, HSP70, small HSP, HSP40 and HSP60 gene
of THz irradiated group and control group.

In addition to the HSP genes, the apoptosis-related genes were also specifically concerned.
The activation of caspases is considered as the marker for eukaryotic cell apoptosis. In the
RNA-seq data, there was no significant difference among the expression levels of initial caspases
(Caspase2, Caspase8, Caspase9), executive caspases (Caspase3, Caspase6, Caspase7, Caspase14),
and inflammatory activated caspases (Caspase1, Caspase4, Caspase12), which showed that
the apoptosis pathway was not triggered by 33 mW/cm2 0.1 THz irradiation exposure (Fig. 5).
Moreover, the expression levels of Bcl-2 family proteins which was involved in the mitochondrial
apoptotic pathway were also compared based on the original RNA-seq data. The Bcl-2 family
proteins, such as the anti-apoptotic Bcl-2 and the pro-apoptotic members Bad, Bak and Bax,
control apoptosis by regulating outer mitochondrial membrane permeabilization. In the RNA-seq
data, there was no significant difference between the irradiated group and the non-irradiated
group in the Bcl-2 family-related genes (Fig. 5).

3.3. Functional enrichment of DEGs & DETs by GO and KEGG pathway analysis

The DEGs were further applied to GO enrichment analysis to identify the significant pathways
affected by THz irradiation in primary hippocampal neurons. The top 5 clusters of enriched genes
in three main GO categories were summarized in Fig. 6. It could be noticed that the “synapsis” and
“synaptonemal complex” were significantly enriched in the category of biological process and the
cellular component, respectively. The “phospholipid scrambling” and “phospholipid scramblase
activity” were significantly enriched in the biological process category and the molecular function
category, respectively. Besides, the “long-chain fatty acid binding”, “tropomyosin binding”,
“BMP receptor binding”, “regulation of steroid hormone secretion”, as well as the “apical plasma
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Fig. 5. No apoptosis-related genes were changed by THz irradiation. The FPKMs were
used to calculate the expression of caspase related gene (A) and mitochondrial apoptosis
related gene (B) of THz irradiated group and control group.

membrane” which contain the previously verified Aqp5 gene, were also significantly enriched.
It suggested that THz irradiation had the possibility in affecting the cell mitosis, phospholipid
distribution and the biomacromolecule interaction processes, which was worthy for the further
investigation.

Since the number of DEGs was relatively limited, we also performed the GO and KEGG
enrichment analysis for the DETs. The molecular function (MF) of the DETs mainly enriched in
the categories of GTPase binding, phospholipid binding, voltage-gated ion channel activity and
RAS guanylate exchange factor. These DETs were closely involved in the biological processes of
axon development, axonogenesis, regulation of vesicle−mediated transport and especially the
small GTPase mediated signal transduction. Additionally, the localization of the differential
transcripts products was mainly situated in the synapses (postsynapse, asymmetric synapse and
neuron to neuron synapse), cell leading edge and postsynaptic density zone (Fig. 7(A)). KEGG
signaling pathway analysis also indicated that the DETs mainly participated in the calcium
signaling pathway, axon guidance, glutamatergic synapse and cholinergic synapse (Fig. 7(B)). It
was also consistent with the GO analysis result that THz irradiation influenced the transcripts
that regulate the synapse function. These DETs enrichment analysis results strongly implied that
0.1 THz irradiation has great potential to affect the synapse development and neural signaling
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Fig. 6. The GO analysis of DEGs (the top 5 for each category). The three main GO
categories: Molecular Function, Cellular Component and Biological Process were shown in
the figure.

transduction, which were also closely related to the molecular interactions especially the small
GTPase binding.

3.4. Gene Set Enrichment Analysis

A major drawback of GO enrichment analysis is that it only considers the DEGs screened by a
certain p-value/FDR threshold, which may result in the loss of some meaningful information
due to the threshold setting. Therefore, we further used Gene Set Enrichment Analysis (GSEA)
method to calculate whether a predefined gene set showed significant consistent up-regulation or
down-regulation trend in the THz-irradiated group compared with the non-irradiated group. The
result showed that the gene sets “ribosome” were significantly enriched with the up-regulation
trend after THz irradiation (Fig. 8) and the gene sets mainly include the genes coding small
subunit (Rps18 and Rps28) and large subunit (Rpl36, Rpl36A, and Rpl35) of ribosomal protein
and mitoribosomal Mrps (Mrps18c, Mrps15 and Mrps11) and Mrpl (Mrpl14, Mrpl18, Mrpl58.
And Mrpl21). These results intensively revealed that THz radiation might affects the protein
biosynthetic process through increasing ribosome genes expression.

3.5. Analysis of the interaction of AP-1 with DNA

As we know that gene expression is under the control of various TFs. Binding between the
activated TFs and their corresponding DNA TFBSs is a pivotal step to initiate an effective gene
transcription. Among the six genes verified in our study, Itpr1 and Atp2b4 were reported to be
regulated by AP-1 [23,24] and the expression of these two genes were both reduced by THz
irradiation. AP-1 is a heterodimeric transcription factor that regulates gene expression response
to a variety of stimuli [25]. Thus, the effect of THz radiation on the interaction between AP-1 and
its TFBS in the promoter region of these genes should be studied. Due to the limited irradiation
area, it is difficult to obtain sufficient cell counts for ChIP-qPCR experiments to quantify the
intracellular binding between AP-1 and its TFBS. Therefore, EMSA experiment was performed
to detect the binding ability of AP-1 protein with biotin-labeled AP-1 consensus oligonucleotide
probe which represented the binding site of AP-1. As shown in Fig. 9(A and (B)), the AP-1
binding efficiency was reduced after THz irradiation. This encouraging result indicated that AP-1
may participate in the gene expression change induced by THz irradiation.
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Fig. 7. The GO and KEGG analysis for DETs. (A) The three main GO categories: Molecular
Function, Cellular Component and Biological Process were shown in the figure (the top 5
for each category). (B) Selected top 10 significantly enriched KEGG pathways
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Fig. 8. Ribosome related gene were up-regulated by 0.1 THz radiation. (A) GSEA analysis
revealed that ribosome is significantly enriched. NES= 2.02, FDR < 0.25. (B) The heatmap
of genes in the ribosome gene set.

Fig. 9. The interaction of AP-1 with DNA was down-regulated by THz irradiation. (A)
Nuclear extracts from HT22 cells were prepared and incubated with or without biotin-labeled
AP-1 probe for THz radiation and the binding efficiency was analyzed by gel. (B) Quantitative
analysis of immoblots, which is shown in (A). n=3, Data are shown as mean± SEM, Student’s
t test, ∗p < 0.05.
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4. Discussion

In this study, we investigated the effects of 0.1 THz irradiation with 33 mW/cm2 power density
on genes expression in primary hippocampal neuron cells. In the process of irradiation, the
temperature of cell culture media was not changed significantly. The basic screen for the
expression of both HSP genes and the apoptosis related genes indicated that the cells did not
undergo obvious heat stress and serious apoptosis response, which is promising in suggesting the
relative safety of the 0.1 THz exposure to neuron cells.

To better understand how the 0.1 THz irradiation influences the neuron cells, we performed a
global analysis of the transcriptome (RNA-sequencing) to identify the DEGs in response to THz
irradiation. The results reported that 111 up-regulated genes and 54 down-regulated genes were
found under the irradiation of THz. The DEGs, DETs analysis and the GO/KEGG enrichment
results revealed significant enrichment in the categories of biomacromolecule interaction processes
such GTPase binding, phospholipid binding, tropomyosin binding, BMP receptor binding and
long-chain fatty acid binding. These enrichment results promisingly implied that THz is able to
broadly impact the biomolecules interactions [26]. Moreover, the expression of transcripts which
was related to neuron function especially synapse development, axonogenesis, synaptic membrane
and postsynaptic density were also found to be enriched. This finding supported the theoretical
conjecture that THz irradiation regulates the neuron function by inducing interference of those
biomacromolecule interaction processes [27–30]. Furthermore, GSEA analysis showed an up-
regulation of the gene set that encodes ribosome, the protein translation machine, under the effect
of THz irradiation. Since the deficits of ribosomal biogenesis may disturb neurodevelopment by
reducing neuronal connectivity [30], a robust ribosomal apparatus is required to carry out protein
synthesis to sustain dendritic growth and maintenance. Interestingly, there was a similar case
reported by Bogomazova et. al, in whose work showed that the ribosome genes were up-regulated
by 2.3 THz irradiation in human embryonic stem cell [9]. There was no clear inspiration could
be drawn from previous reports to make a convincing speculation for the detailed mechanism.
It’s still an attractive topic to understand the THz triggering conditions for the enhancement of
ribosome biosynthesis in various cell types.

Besides, quantitative analysis of six genes, Aqp5, Mmp3, Itpr1, Erf, Apof and Atp2b4 carried out
by qRT-PCR showed the consistent changing trends with that of the RNA-seq results. Although
these genes were chosen for validating the RNA-seq results, their changes in the expression level
still insinuated the functional outcome induced by 0.1 THz irradiation. The products of these
gene were involved in various aspect of cellular process in neurons. Itpr1 and Atp2b4 code for
the key proteins of calcium signaling pathway. The physiological function of PMCA, a protein
encoded by Atp2b4, is to pump out intracellular Ca2+ against the concentration gradient [31].
When PMCA expression is reduced, it is conducive to intracellular calcium accumulation. IP3R,
the product of Itpr1 gene, is a receptor of second messenger IP3, contributing to the release
of endoplasmic reticulum (ER) calcium [32]. The decreased expression of Itpr1 implies the
possible reducement of ER calcium outflow. It has been reported that THz irradiation increased
the intracellular calcium concentration in sperm and neuroblastoma cells, while this effect
could not be completely eliminated upon the inhibition of calcium channels [33]. Our findings
provide a potential explanation for THz induced intracellular calcium elevation. Furthermore,
the qPCR result indicated that the expression of Mmp3 was increased by THz irradiation. The
coding product of Mmp3, matrix metallopeptidase 3 (MMP-3), is a zinc-dependent peptidase
degrading various extracellular molecules. In addition to be involved in many inflammatory and
immune responses, recent study has revealed that MMP-3 also contributed to the regulation of
L-type calcium channel-dependent LTP in the CA3-CA1 hippocampal projection, promoting the
hippocampal neurons plasticity and activity via the regulating NMDAR function and calcium
flux [34]. Thus, by combining with the GO analysis results which enriched “neuron to neuron
synapse” in the “Cellular Components” category, further study is also quite necessary to discover
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the impact of THz on the intracellular calcium homostasis and the consequent synapse function
in neurons. The functions of the protein products of the other verified genes, Apof, Erf and
Aqp5, were involved in the cellular metabolism, proliferation and water transport, respectively
[35–37]. The coding product of Apof gene is one of the minor apolipoproteins. This protein
forms complexes with lipoproteins and is involved in transport and/or esterification of cholesterol
[35]. Erf gene codes for a transcriptional repressor that binds to the Ets2 promoter, which
regulates the genes involved in cellular proliferation [38]. Erf is required to inhibit proliferation
of neural progenitors to allow differentiation, whereas overexpression of Erf leads to an increase
in the number of primary hippocampal neurons [39]. AQP5 forms a water-specific channel and
plays an important role in regulating the movement of water through the plasma membrane of
secretory and absorptive cells in response to osmotic gradients [40]. Although the function of
AQP5 in hippocampal neurons has not been intensively studied, considering the GO enrichment
in the categories of “lipid metabolic process”, “lipid transport”, “synaptonemal structure” and
“apical plasma membrane”, it would be interesting to evaluate the effects of THz irradiation on
cellular lipid metabolism, neuronal differentiation and water homeostasis with further detailed
and specialized research.

Additionally, as we know that the THz irradiation may influence the molecular conformation
and consequently affects the interaction among biological macromolecules [41]. As for the
effect of THz on gene expression, numerous biomolecules interactions might be affected by
THz radiation and the DNA breathing model just provide one of the many possible underlying
mechanism. Especially, the interactions between transcription factors (TFs) and their TFBSs
which play a vital role in activating the transcription initiation might also be the targets of THz
radiation. Tachizaki et al. reported that THz pulses could affect the expression of many genes
regulated by the zinc dependent transcription [17]. Although they didn’t verify their speculation
with any experiment, they highlighted the possibility of THz on influencing gene expressions
via regulating the function of transcription factors. In our study, we provided a direct in vitro
evidence to illustrate a reduced binding between AP-1, a typical transcription factor, with its
corresponding biotin-labeled DNA probe under the effect of 0.1 THz irradiation via the classical
EMSA experiment. Although the actual in vivo regulation process of gene transcription is much
more complicated, our finding indeed proved that THz could influence the binding between TF
and the TFBS, which was very likely to be involved in the gene expression changes induced by
THz irradiation. At least, the expressions of Itpr1 and Atp2b4, which are regulated by AP-1,
were decreased by THz irradiation. This result consists with the deduction obtained from EMSA
experiment. According to the observation in our study, further direct in vivo evidence are still
needed to demonstrate the mechanism. CHIP-qPCR analysis is an efficient way to reveal the in
vivo binding situation of AP-1 on a specific promoter. However, the number of cells required for
the CHIP-qPCR experiment is far more than what we could obtain in our present study due to
the relative limited irradiating spot area. Therefore, novel THz source that fits to a wider range
irradiation is necessary to pursue the answer.

Overall, in this study we used a large scale RNA-seq analysis to reveal the differentially
expressed genes, transcripts and pathways in primary hippocampal neurons exposed to 0.1
THz. Several biomolecule binding related categories such as “long-chain fatty acid binding”,
“tropomyosin binding”, “BMP receptor binding”, as well as “GTPase binding” and “phospholipid
binding” were significantly found enriched by GO analysis. The GSEA analysis indicated that the
genes that encode protein biosynthetic machinery ribosome were up-regulated by THz irradiation.
These results suggested that THz irradiation affected various biomolecules interaction. The
EMSA experiment result provided an encouraging evidence that the binding efficiency between
the transcription factor AP-1 with its biotin-labeled DNA probe could be diminished by THz
irradiation. These results enriched the mechanism of THz in regulating gene expression and also
highlighted several interesting aspects of THz induced functional bioeffects in neurons.
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